Abstract: Intrinsic disorder and distributed surface charge have been previously identified as some of the characteristics that differentiate hubs (proteins with a large number of interactions) from non-hubs in protein-protein interaction networks. In this study, we investigated the differences in the quantity, diversity, and functional nature of Pfam domains, and their relationship with intrinsic disorder, in hubs and non-hubs. We found that proteins with a more diverse domain composition were over-represented in hubs when compared with non-hubs, with the number of interactions in hubs increasing with domain diversity. Conversely, the fraction of intrinsic disorder in hubs decreased with increasing number of ordered domains. The difference in the levels of disorder was more prominent in hubs and non-hubs with fewer domains. Functional analysis showed that hubs were enriched in kinase and adaptor domains acting primarily in signal transduction and transcription regulation, whereas non-hubs had more DNA-binding domains and were involved in catalytic activity. Consistent with the differences in the functional nature of their domains, hubs with two or more domains were more likely to connect distinct functional modules in the interaction network when compared with single domain hubs. We conclude that the availability of greater number and diversity of ordered domains, in addition to the tendency to have promiscuous domains, differentiates hubs from non-hubs and provides an additional means of achieving interaction promiscuity. Further, hubs with fewer domains use greater levels of intrinsic disorder to facilitate interaction promiscuity with the prevalence of disorder decreasing with increasing number of ordered domains.
Introduction
Proteins execute their functions in the cell primarily through interactions with other proteins. A large number of interactions between proteins have been determined through several large scale, or highthroughput, experiments enabling the formation of protein-protein interaction networks and facilitating their systems level study. 1 Proteins in interaction networks have been broadly classified into two categories: those with a large number of interactions, or hubs, and those with a few interactions, or nonhubs. As a result of their ability to interact with multiple proteins, hubs play an important role in the functioning of the cell. 2 Examples include several tumor suppressors and cell-signaling proteins. Therefore, there has been a special interest in the study of the structural and functional properties of hubs that differentiate them from non-hubs. [3] [4] [5] Previous studies have suggested structural flexibility through large disordered regions, [6] [7] [8] [9] and distributed surface charge, especially in small hubs (less than 300 residues) with no disordered regions. 9, 10 The presence of multiple domains in hubs has also been suggested, 11, 12 the reasoning being that multiple domains correspond to multiple interaction interfaces 13 and greater functional complexity. 14 Indeed, several hubs have multiple domains containing several binding sites. 5 However, some hubs contain a single domain hosting a single interface 5 or multiple overlapping interfaces. 15 This indicates that hubs may acquire interaction promiscuity with the help of either a single promiscuous domain or multiple domains. The preference for a single or multidomain architecture in hubs has been previously studied using small interaction datasets. Ekman et al. 7 investigated the prevalence of multiple domains, especially repeating domains, as one of the several properties differentiating hubs and non-hubs. In another study, Taylor et al. 16 looked at the propensity and functional nature of multiple domains in different categories of hubs having high or low levels of average gene coexpression with their interaction partners. However, the differences in domain diversity between hubs and non-hubs, or the independent effects of modular or ordered domains and intrinsic disorder on the binding ability in hubs have yet to be investigated. Thus, a comprehensive analysis of the prevalence of distinct and ordered domains in hubs and non-hubs, in relation to disordered regions and functional properties of the domains, is necessary to understand their potential role in interaction promiscuity. With these goals in mind, we compare the Pfam domain 17 distribution of all domains, distinct domains and ordered domains in hubs and non-hubs using a large high confidence dataset of human protein-protein interactions. We study the impact of the domain diversity and modularity on the binding ability of hubs and attempt to separate the effects of modularity and intrinsic disorder on interaction promiscuity. We further perform an analysis of the functional nature of the domains and functional annotations enriched in hubs and non-hubs. We discuss the biological significance of our findings in the context of the topological properties of hubs and the role they play in the interaction network.
Results and Discussion
Although hubs in protein-protein interaction networks have been defined using several criteria, the definition of hubs as proteins with five or more interactions has been shown to be robust. Proteins were categorized as single domain (those with one ordered domain) and multidomain (those with two or more ordered domains) for further comparison of characteristics.
Total domain architecture
The total number of Pfam domains in a protein may be used to define the potential number of its nonoverlapping binding interfaces. A comparison of the domain content in hubs and non-hubs showed that a higher percentage of hubs had two or more domains than non-hubs ( Fig. 1, P ¼ 1.28e-13 ). This is in agreement with earlier results obtained by Ekman et al. 7 We investigated the prevalence of repeating domains in hubs and non-hubs. A total of 25.8% hubs contained at least one repeating domain when compared with 22.6% in non-hubs ( Fig. 1 , P ¼ 0.01). Thus, more hubs had repeating domains than nonhubs. It has been previously suggested that repeating domains in hubs provide more binding interfaces resulting in greater functional diversity in hubs. 7, 19 Further, among hubs with repeating domains, 65% had multiple repeating domains when compared with 57% among non-hubs (P ¼ 0.007). This suggests that more than one type of domains are frequently simultaneously repeated in hubs than non-hubs.
Further, an alignment of the Pfam domains with predicted disordered regions showed that 24.5% of hubs had at least one Pfam domain overlapping with a predicted disordered region (Fig. 1) . A lower percentage (16.6%) of non-hubs had an overlap between a domain and a disordered region, as expected because of the lower levels of intrinsic disorder in non-hubs (P ¼ 4.2e-13).
The results above illustrate that the presence of repeating domains obscures the role of domain diversity in hubs. Similarly, in several proteins, Pfam domains overlap with disordered regions making it difficult to identify their individual prevalence and effects. This prompted us to investigate the differences in the ordered and distinct domains in hubs and non-hubs.
Domain diversity and interaction promiscuity
To determine if hubs have greater domain diversity than non-hubs, we compared the distinct domain count by excluding the repeating domains. Figure 1 shows that a larger number of hubs had more than 1 distinct domain when compared with non-hubs (P < 2.2e-16). The maximum number of distinct domains found in hubs was 10 as opposed to 7 in non-hubs. From these results, we conclude that hubs are more likely to have multiple distinct domains when compared with non-hubs.
Further investigation showed that the distinct domain count in hubs is positively correlated with the number of interactions ( Fig. 2(A) , r ¼ 0.124, P < 2.2e-16). Thus, multiple distinct domains lead to distinct binding sites potentially providing hubs with the ability to interact with several different proteins. A similar relationship was not observed between the number of interactions and the total number of domains (r ¼ 0.034) or the number of ordered domains (r ¼ 0.026) in hubs. This lack of correlation probably reflects the fact that the repeat domains included in these domain counts participate in a single interaction or multiple interactions of the same type that are counted as a single interaction in the interaction network.
Domain modularity and intrinsic disorder
We compared the ordered domain content in hubs and non-hubs by eliminating domains containing disordered residues to determine the propensity of modular binding sites outside the disordered regions. A greater fraction of hubs were found to have multiple ordered domains than non-hubs ( Fig. 1 , P < 2.2e-16). We conclude that hubs are more likely to have multiple ordered domains than non-hubs, suggesting an additional means of interaction promiscuity.
Similar to previous findings, hubs had a higher percentage of disordered residues than non-hubs in this expanded human dataset (Table I, P < 2.2e-16). There was no correlation between the number of interactions and the fraction of intrinsic disorder in hubs. As expected from the higher levels of disorder and a greater tendency for multidomain architectures, hubs were longer than non-hubs (Table I , P ¼ 7.12e-10).
As both disordered regions and multiple domains aid in interaction promiscuity, we hypothesized that hubs with few or no disordered residues would have a greater number of ordered domains to aid their interaction ability. We found that the ordered domain count in hubs was negatively correlated with the percentage of disordered residues, with disorder decreasing with increasing number of ordered domains [ Fig. 2(B) , r ¼ À0.183, P < 2.2e-16]. We conclude that there is a complementary relationship between ordered domains and intrinsic disorder in hubs. This suggests that hubs with fewer domains need greater levels of intrinsic disorder to achieve interaction promiscuity, whereas this task is accomplished by a greater number of domains in multidomain proteins.
The disordered regions in 85% of the hubs with a single ordered domain were located flanking the Figure 1 . Percent of hubs and non-hubs with the characteristics listed on the x-axis: (1) Total Multidomain: % proteins with two or more Pfam domains (P ¼ 1.28e-13), (2) Repeating domains: % proteins with at least one repeating domain (P ¼ 0.01), (3) Disordered domains: % proteins with a predicted disordered region overlapping at least one Pfam domain (P ¼ 4.17e-13), (4) Distinct Multidomain: % proteins with two or more unique Pfam domains (excluding domain duplicates, P < 2.2e-16), (5) Ordered Multidomain: % proteins with two or more ordered Pfam domains (excluding those with overlapping disordered regions, P ¼ 3.03e-05). All P-values indicate the significance of the difference in the prevalence of the characteristic between hubs and non-hubs.
domain at the N-and/or C-terminal regions suggesting that flexible ends in single domain hubs play an important role in forming multiple interactions by providing flexibility and potential binding sites. This is particularly seen in single domain kinases with large disordered regions, where the disordered regions act as the binding domains, whereas the ordered regions act as the functional domain or catalytic domain. 20 Similarly, 84% of the hubs with multiple (two or more) ordered domains contained their disordered regions either between these domains, acting as flexible linkers, or at the N-and/or C-terminal regions. Replication Protein A is a classic example of a hub with a flexible disordered linker between a protein binding domain and two DNA binding domains. 21 In the remaining smaller fraction of hubs (15% of ordered single domain, 16% of ordered multi domain), the disordered regions overlapped with other existing domains in the proteins. Thus in most hubs, the presence of disordered regions outside the ordered domains may result in interaction promiscuity through the increased relative flexibility between the domains or an increase in the number of binding sites located within the disordered regions.
No correlation was observed between the level of intrinsic disorder in hubs and their total domain count (r ¼ À0.068) or their distinct domain count (r ¼ À0.054). The absence of this correlation may be attributed to the fact that both these domain counts do not exclude domains with overlapping disordered regions. The correlation between intrinsic disorder and the number of ordered domains was also poor in non-hubs [ Fig. 2(B) ]. But it was observed that hubs and non-hubs with fewer (1-4) domains showed a greater difference in the levels of intrinsic disorder when compared with those with more domains. This further supports the conclusion that disordered regions predominantly act in hubs with fewer domains. However, it also raises the possibility that the functional nature of domains may be the primary differentiating characteristic between hubs and non-hubs with large number of domains.
Pfam domain enrichment
We determined the differences in the functional nature of the domains enriched in hubs and non-hubs (Fig. 3, Table SI ). Kinase domains were most frequent in hubs, with 405 hubs having some kind of kinase activity. Consequently, several other domains, such as SH2, SH3, PDZ, and RRM1, that regulate the catalytic activity of kinases, mediate their interactions and affect their cellular localization, 22 were also enriched in hubs [ Fig. 3(A) , Table SIA ]. Protein kinase domains are known to be one of the most promiscuously interacting domains and have been dubbed as reusable modules (along with SH2 and SH3 domains) because of their ability to bind several targets. 23 A further breakup of the domain frequencies in single domain and multidomain hubs highlights the differences in their domain content. Signaling domains and adaptor domains are predominant in multidomain hubs. Pkinase and Ras are primarily found in single domain hubs along with nucleic acid binding domains and those functioning in transcription regulation, such as RRM_1, HLH, Hormone_re-cep, and zf-C4s. Thus single domain and multidomain hubs perform different functions. Further, as single domain hubs have higher levels of intrinsic disorder, it implies that domains enriched in these hubs, that is, kinase or adaptor domains, may preferentially exist with disordered regions.
On the other hand, non-hubs were most enriched in the transcription factor domains, such as classical C2H2 type zinc fingers (zf-C2H2) and KRAB domains [ Fig. 3(B) , Table SIB ]. Single domain non-hubs were mostly enriched in domains, such as the transporter MFS_1 domain, p450, Aldedh, Aminotran_1_2, and Epimerase, all involved in some type of catalytic activity. Cadherin and Cadherin_2 domain, which are important in cell-cell adhesion, were primarily found in multidomain non-hubs. We conclude that the functional nature of the domains enriched in hubs is distinct from that of non-hubs and appears to play a significant role in their promiscuity. The nature of domains in single versus multidomain hubs and non-hubs is also very distinctive and may reflect the differences in their roles in the interaction network in the case of hubs. Table SII shows the top 10 Pfam domains that are exclusively found in hubs and non-hubs to further highlight their differences.
Gene Ontology term enrichment
The differences in the domain content were reflected in the functions of single and multidomain hubs and non-hubs, as seen from the GO term enrichment analysis. We studied the molecular function, biological process, and cellular component terms of the GO annotations. The enrichment of GO molecular function terms showed that ATP binding was predominant in hubs along with transcription factor activity and RNA binding. Zinc binding was more frequent in multidomain hubs with some propensity for ATP binding [ Fig. 4(A) , Table SIIIA ]. Single domain hubs were also significantly enriched for the term ''unfolded protein binding'' indicating that they preferentially bind other disordered proteins with their disordered regions, as has been previously suggested. 20 Confirming results from Pfam domains, the GO term catalytic activity was significantly enriched in single domain non-hubs, whereas nucleic acid binding was predominant in multidomain non-hubs [ Fig.  4 (B), Table SIIIB ]. Table SIV shows the top 10 GO molecular function terms that were exclusively found in hubs and non-hubs. The Biological Process terms also showed a similar pattern with signal transduction and regulation of transcription being the most frequent in hubs, and oxidative reduction and mitochondrial electron transport in non-hubs (Table SV) . Similar functional terms have been previously found to be enriched in proteins with high and low levels of intrinsic disorder, respectively. 8, 24 The enrichment of the cellular component GO term showed no significant differences in the localizations of hubs and non-hubs. We conclude that hubs are dominant in signal transduction and transcription regulation whereas non-hubs are primarily involved in catalytic activity. Given these clear demarcations in the annotations and domain content of hubs and non-hubs, it is possible to differentiate between the two, even in the absence of experimental interaction information. This provides a promising approach to predict the interaction ability of proteins using domain and annotation information. 
Location in the interaction network
Given the differences in the characteristics of single domain and multidomain (two or more domains) hubs, we hypothesized that they would occupy different positions in the protein-protein interaction network. To find this difference, we studied two network parameters-clustering coefficient and betweenness centrality. The clustering coefficient of a node represents the interconnectivity of its interaction partners. A high clustering coefficient generally indicates that the neighborhood of the node is highly interconnected and thus the node is part of a clique or module. 25 On the other hand, a low clustering coefficient indicates that the node lies between modules. The betweenness centrality of a node gives the fraction of shortest paths in the network that pass through the node. A node with high betweenness centrality is considered to be connecting different modules while that with low betweenness centrality is considered to be a part of a module. 26 Single domain hubs had, on average, a lower betweenness centrality when compared with multidomain hubs (Table II , P ¼ 0.0001). This implies that multidomain hubs are more likely to connect different modules than single domain hubs. These findings are in agreement with previous results by Taylor et al., who found that intermodular hubs (coepxressed with their interaction partners in specific tissues) had a higher average domain count than intramodular hubs (coepxressed with their interaction partners in all tissues). 16 Though single domain hubs had a greater clustering coefficient than multidomain hubs, the difference was not statistically significant (Table II , P ¼ 0.042). The functional differences in the domains enriched in single domain and multidomain hubs, as seen in the previous section, also reflects the differences in their role in the interaction network.
Conclusion
The results of this study confirm that proteins with greater domain modularity and domain diversity are over-represented in hubs as compared to non-hubs. The functional nature of the domains enriched in hubs and non-hubs was different, with hubs being enriched in reusable and promiscuous domains. Hubs with fewer ordered domains were found to have more intrinsic disorder with the level of disorder decreasing as the number of domains increased suggesting a complementary relationship. Functional analysis revealed that hubs were primarily involved in signal transduction and transcription regulation, whereas non-hubs were predominant in catalytic activity. Further, single and multi-domain hubs were enriched in different kinds of domains and performed different roles in the interaction network with multi-domain hubs more likely to be inter-modular. Thus, along with higher levels of intrinsic disorder and surface charge, the presence of greater numbers and types of modular binding sites also differentiate hubs from non-hubs. The 
Materials and Methods

Dataset
We used the human protein-protein interaction network to study the domain distributions of hubs and non-hubs. Human protein-protein interactions were obtained from IntAct, 27 BIOGRID, 28 and Human Protein Reference Database. 29 To obtain maximum information coverage, we used 28718 interactions obtained from yeast two hybrid experiments and 18260 interactions derived from protein complexes identified using pull down, COIP, and so forth, using the spoke model (in which the bait protein is considered to interact with each of the prey proteins).
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Derived binary interactions are known to have greater accuracy and coverage than those obtained from yeast two hybrid experiments and have minimal overlap with them. 31, 32 Further, only those binary interactions, which had a high reliability score, based on a combination of genomic features, were used in the analysis to reduce the number of spurious interactions included. 32 These binary interactions were collected and annotated with Pfam-A domains and GO terms using the database Hintdb (as of March 2009). 33 This resulted in 46,978 interactions among 8954 human proteins. We defined hubs as proteins with five or more interactions and non-hubs as proteins with only one interaction, giving 4312 hubs and 1929 non-hubs. Proteins with two to four interactions were not considered to reduce the number of false non-hubs in the dataset. As we wanted to identify the characteristics of hubs and non-hubs within a single genome (in this case, human), we considered the known interactions between all proteins in the genome. Therefore, proteins with similar sequences were also considered in this analysis.
Prediction of disordered regions
Disordered regions having a length of more than 30 consecutive residues were predicted using a metapredictor Meta-PrDOS, which uses a combination of several disorder predictors. 34 The prediction was done at a false positive rate of 5%.
Statistical significance
Statistical significance values were calculated using the Wilcoxon rank sum test for nonparametric distributions to test for a location shift greater than 0 with a significance threshold of 0.025 after correction for multiple testing.
Correlation coefficient
Correlation between two data sets was calculated using Pearson's correlation coefficient (r). Further support for correlation was obtained using the Spearman's rank correlation coefficient (q) (Refer Supporting Information for details). Statistical significance was calculated for all correlation coefficients.
Pfam domain and GO term enrichment
Pfam domain frequency was calculated as the fraction of the proteins having the Pfam domain. This frequency was calculated for each Pfam domain for all proteins in the dataset, and for hubs and nonhubs separately. Enrichment was calculated as the ratio of the observed number of proteins and the expected number of proteins with the Pfam domain. The hypergeometric distribution was used to calculate the statistical significance of the enrichment of Pfam domains in hubs and non-hubs as compared to the entire dataset. The frequencies of single domain and multidomain hubs and non-hubs were calculated based on the ordered Pfam domain counts in each. GO term enrichment was determined in a similar manner. The terms ''protein binding,'' ''molecular function,'' and ''binding'' were removed before performing the analysis of GO molecular function term enrichment.
Network parameters
The Betweenness Centrality and Clustering Coefficient of each protein were calculated in reference to the entire protein-protein interaction network using the Network Analyzer plugin 35 in Cytoscape. 36 
